The microbial activity near two deep ocean sewage outfalls off the coast of the island of Oahu, Hawaii, was characterized. Water samples and sediment samples to a depth of 4.5 cm were analyzed from an area of approximately 4.5 x 104 m2 surrounding the outfalls. Although the effluent water at both sites exhibited heterotrophic activity that was 2 orders of magnitude greater than water from a control site, ambient water samples taken within 1 m of the discharge ports exhibited activity only twice that of the control water. The heterotrophic activity of the outfall sediment was only elevated above that of the control site for surface samples collected within 10 m of the outfall. Likewise, the rates of microbial nucleic acid synthesis and carbon production in the sediment were only elevated immediately adjacent to the outfalls. Total microbial biomass, as determined by the ATP content of the sediment, varied spatially but was generally elevated at the outfall sites. The specific growth rates calculated for the sediment microbial populations, however, were not greater at the outfall sites. At one site the rocks surrounding the diffuser pipe were covered with copious amounts of slime that appeared to be composed entirely of microbial cells and filaments. This microbial mat was extremely active with respect to heterotrophic activity and biomass production. Overall, it appears that the impact of the sewage discharge on the ambient seawater microbiota is slight and that the effect on the sediment microbiota is confined to an area immediately adjacent to the diffuser ports. In the sand itself, the effect is limited to the upper 2 cm at most.
Many large urban centers produce sewage effluent in excess of 100 x 106 liters per day. The treatment and disposal of these large volumes of liquid waste pose great problems near large urban centers where land for this purpose is scarce. One solution which is being used today and which is gaining in popularity is the disposal of raw or partially treated sewage through deep (greater than 50 m) ocean outfalls. The effect of these outfalls on the marine ecosystem is assumed to be small but remains unknown. Although the technology and microbiology of sewage treatment have been the subjects of numerous studies and are fairly well understood (4, 12, 16, 21) , the environmental microbiology of sewage effluent discharge (especially marine) has not been well documented. Without apparent evidence or data, Dart and Stretton (4) have stated, "When sewage is discharged into the open sea from long outfalls, the overall biological productivity of the water is raised and the diversity and amount of bottom fauna is changed in the vicinity of the outfall. There are no widespread effects. However, if the opportunity for interchange with unpolluted water is limited severe effects can arise."
Most of the interest in the environmental microbiology of sewage discharge has been concerned with two areas: (i) the identification and survival of indicator organisms (primarily coliforms) (6, 15, 19) , and (ii) the degradation of specific components of industrial wastewater (20) . The effects (both positive and negative) of sewage effluent on the natural microbial communities at the outfall site have been largely ignored. It was the purpose of this study to examine the microbiology of the sediment and water surrounding two deep ocean sewage outfalls off the coast of the island of Oahu, Hawaii. Specifically, we were interested in conducting a spatial study of the surrounding sediment to measure MATERIALS AND METHODS Sampling sites. Water and sediment samples were collected from two outfall sites: Sand Island (SI) and Barber's Point (BP). Both outfalls are located off the south coast of Oahu, Hawaii, and receive sewage from the greater Honolulu area. The sewage is mainly residential, although a small portion is derived from light industry (mainly food processing). The SI outfall receives effluent from an advanced primary sewage treatment plant that uses chlorination, screening, flotation, and settling to treat the sewage before discharge. The solid materials removed are incinerated. The plant is designed to process 3.1 x 108 liters per day and is currently operating at 80 to 85% of its maximum capacity. The submarine outfall consists of a 3,816-m-long diffuser pipe of decreasing diameter (213 to 122 cm). The pipe is approximately 70 m below the water surface, resting on a bed of rocks and sand; in some places it is up to 1 m above the ocean floor. Near the distal end and located on both sides of the diffuser pipe are 282 ports. The diffuser ports decrease in diameter from 9 to 7.5 cm toward the end of the pipe. The BP outfall is approximately 20 km west of the SI outfall and is similar to it in physical design but it is presently discharging less sewage (6.5 x 107 liters per day) which receives no treatment other than chlorination. A control site was chosen approximately 10 km east of the SI outfall. This site has no apparent influence from the outfalls and is sufficiently far offshore that it is unaffected by island freshwater runoff. Water depth at the control site is approximately 70 m.
Sampling. The sampling sites were observed and sediment and water samples were taken using the Makali'i, a twoperson submersible operated by the Hawaii Undersea Re-search Laboratory. Water samples were obtained with Niskin samplers attached to the submersible's mechanical arm. For effluent samples, an open Niskin sampler was positioned as close to a diffuser port as possible so that effluent streamed freely through it. The force of the effluent was so strong that only a moment was needed to flush out the ambient seawater before closing the sampler. Surface sediment samples were taken with a plastic tube fashioned into a scoop. A spring lid was closed underwater to prevent sediment loss during transport to the surface. Sediment cores were taken with a small Shipek corer deployed from the support ship after the submersible marked the approximate sampling site with a marker buoy.
All samples were transported to the laboratory as soon as possible (within 8 h) in insulated containers to maintain the in situ temperature of 24°C. Scoop sediment and water samples were processed immediately upon arrival in the laboratory. Intact cores were processed immediately or stored in a refrigerated room. Pilot experiments indicated that there was no significant change in ATP biomass or heterotrophic activity in cores stored at 0 to 4°C for up to 12 h; consequently, intact cores were processed last, up to 10 h after arrival in the laboratory.
Water samples were used directly without further processing. Rock slime was recovered by collecting representative rocks with the submersible's arm. On the surface, the slime mat was removed from the rocks and homogenized in filtered seawater with a Teflon and glass tissue homogenizer. Subcores were taken from the box cores with plastic tubes inserted into the sediment. The sediment was then extruded from the tube and divided into various horizons. Each horizon was then thoroughly mixed with a spatula to provide a homogeneous sample.
ATP determinations. The ATP content of water samples was determined by filtering 10 to 500 ml of water through Whatman GF/F glass fiber filters. The filters were then placed into S ml of boiling 60 mM phosphate buffer (pH 7.4) for 5 min. The ATP content of slime homogenates was determined by directly injecting 1 ml of homogenate into 5 ml of boiling phosphate buffer. For sediment samples, 1 cm3 of wet sediment was added with immediate and thorough mixing to 15 ml of cold H3PO4 (1.47 M) containing 0.5% Triton X-100. After 30 min the suspensions were centrifuged, and 10 ml of the supernatant was removed. A 0.5-ml sample of a charcoal slurry (100 mglml in distilled water) was added to the supernatant; after 15 min, the suspension was centrifuged. The pellet was washed twice with 10 ml of 0.01 M HCI, and then the adsorbed ATP was eluted from the charcoal pellet with 10 ml of a solution containing 50% ethanol and 10% NH40H with intermittent shaking for 30 min. After elution, the suspension was centrifuged, and the supernatant was filtered through two back-to-back Whatman GF/F filters. A 7.5-ml sample of the filtrate was evaporated to dryness in vacuo; the residue was rehydrated in 1 ml of freshly prepared 20 mM Tris buffer (pH 7.8). ATP was then determined for both the phosphate buffer extracts (aqueous samples) and for the Tris buffer extracts (sediment samples) by the method of Karl and Holm-Hansen (10). To correct for the apparent and real losses of extractable ATP, internal standards were added to representative sediment samples and processed in an identical manner.
GTP-UTP determinations. Quantitative measurements of the combined concentrations of GTP and UTP were made on subsamples taken from the ATP extract after hexokinase-glucose-6-phosphate dehydrogenase treatment (8 (22) . After 60 and 120 min, 1 cm3 of the incubating sediment was added to 60 ml of cold 1 M HCI, and the RNA and DNA were extracted by the method of Craven and Karl (3) for type 3 sediment. Rates of DNA and RNA synthesis were calculated by the ATP integrated specific activity method of Winn and Karl (22) .
Specific growth rate determinations. Mean microbial community specific growth rate was estimated by two independent methods. The first estimate was derived from the measured rates of DNA synthesis and the ATP biomass data, i.e., (doublings per day) x 0.693, assuming a DNA/ATP ratio of 5. The rationale for this extrapolation is presented elsewhere (11) . The second estimate was derived from the direct measurement of the turnover time of the adenine nucleotide pool, assuming that the pool turns over 40 times per generation. The rationale for this extrapolation is presented elsewhere (9) . It should be emphasized that these methods are based upon totally independent assumptions and experimental data; however, both methods assess only that portion of the total population which is capable of assimilating labeled adenine.
DNA and RNA determinations. Total RNA and DNA in the sediments were determined by using standard colorimetric analyses after nucleic acid isolation and purification procedures. For RNA, 1 cm3 from a homogenized 15- Carbon production was extrapolated from rates of DNA synthesis by assuming that 1 pmol of DNA is equivalent to 1,236 pg of DNA produced and that DNA accounts for 2% of total cell carbon.
were boiled for 30 min, cooled to room temperature, and centrifuged. A 1-ml portion of the supernatant was assayed for RNA by using the orcinol reaction (14) with AMP as the primary standard. For DNA, 1-cm3 subsamples of each sediment homogenate were extracted in 1 M HCl and processed with Celite as described above for RNA determinations. After DNA isolation, the samples were incubated with 1 M NaOH for 1 h at 37°C to selectively hydrolyze the RNA, which, if present, will interfere with quantitative determinations of DNA. The NaOH hydrolysate was subsequently acidified and centrifuged; the precipitate was washed with 12 ml of ethanol. After the addition of 2 ml of 5% trichloroacetic acid to each tube, the samples were boiled for 30 min, cooled to room temperature, and centrifuged. A 1-ml portion of the supernatant was assayed for DNA by using the diphenylamine reaction (1) with deoxyadenosine as the primary standard.
RESULTS
The sediment at all three sampling sites was predominantly carbonate sand. At the SI outfall, the sand bottom was devoid of debris and organic matter accumulation. The bottom also appeared devoid of all but a few epibenthic fauna; however, the rocks supporting the outfall pipe were covered with a variety of corals and sponges. The entire outfall area supported a diverse community of local reef fishes. Many of the rocks near the diffuser ports were also covered with a slimy mat approximately 2 to 3 mm thick. Microscopic examination of this mat revealed a consortium of bacterial cells and filaments. No other organic matter was observed, and it was assumed that the mat was composed exclusively of microbial cells and extracellular products. Dislodged fragments of these mats were observed floating in the water column and also appeared in the sediment traps that were deployed during the time of our sampling. A chemical and microbiological description of this mat material (means + standard deviations of three determinations, except as noted) is presented in Table 1 . An analysis of the rate of metabolic activity as a function of salinity (10 to 100% seawater) revealed that maximum activity for heterotrophic uptake and nucelic acid synthesis occurred in 75% seawater (data not shown), suggesting that these bacteria did not originate from the effluent, but rather were bacteria of marine origin growing at the expense of carbon and energy derived from the outfall effluent.
At the BP outfall, neither slime nor mat was observed on the rocks, and the faunal communities were sparse compared with the SI outfall site. In the vicinity (within 10 m) of the pipe, the sand was covered with a layer of debris 1 to 5 mm in thickness. This debris layer appeared to be composed of sewage solids, including fibers. This layer supported an active community of meiofauna.
The DNA and RNA synthesis rates and the heterotrophic uptake activity of all samples are summarized in Table 2 . These rates are also shown for surface (0 to 1.5 cm) sediment samples in Fig. 1 through 3 . The only samples showing any activity significantly greater than the control samples were those collected within 10 m of the BP outfall. Data for DNA synthesis throughout the entire sediment profile (to a depth of 4.5 cm) are shown in Fig. 4 . These data are from the SI outfall site, but their pattern is representative of all of the data collected for both sites; elevated activity was only detected in the surface horizon, and only for samples taken within 10 m of the diffuser pipe. The DNA/RNA synthesis rate ratios varied little within or between both outfall sites (SI average, 0.18; SI range, 0.13 to 0.23; BP average, 0.13; BP range, 0.10 to 0.17). The DNA/RNA synthesis rate ratios from the control sands were higher than the outfall sites (average, 0.28), but were also relatively constant among cores (range, 0.22 to 0.33).
The biomass-specific rates for nucleic acid synthesis and heterotrophic uptake are tabulated for all samples in Table 3 . Representative data are shown for the biomass-specific RNA synthesis rates for all the horizons from the BP outfall site in Fig. 5 . Although there is some variation in the data, there are no significant deviations from the data collected at the control site.
The ATP and GTP-UTP content of the sediment samples is shown in Table 4 . Both ATP and GTP-UTP displayed substantial variation in the sediments examined. The values presented in Table 4 represent the means of triplicate determinations. To investigate this variability, over 200 samples were analyzed from cores and surface scoop samples. In all cases, the 95% confidence intervals were approximately +50% of the mean. Even so, it appears that there are larger amounts of both ATP and GTP-UTP in the sediment near the BP outfall than in either the SI outfall or control site sediment. The concentration of DNA and RNA contained in the sediments (Table 4) exceeds the amount which can be attributed to living cells (as determined by ATP values), suggesting that a large (>75%) portion of the total nucleic acids are detrital. Figure 6 presents a series of representative time course experiments used to measure the turnover time of the total adenine nucleotide pool and to estimate specific growth rates, which were compared with independent estimates derived from DNA synthesis and ATP data (Table 5) . Table 5 also presents the estimated rates of total carbon production derived from DNA synthesis rates. Again, the only significant deviation from the rate of carbon production at the control site is in the surface sediment at the sampling APPL. ENVIRON. MICROBIOL. point closest to the outfall. The specific growth rates of the microbial communities in the sediment generally decrease with depth at both the SI and the BP site. At the control site, the specific growth rates of the microbial communities are generally depth independent. Even in the surface sediment samples closest to the outfalls, the specific growth rates at the oufall sites are generally lower than those measured in the control sediment. DISCUSSION The design of the effluent diffuser systems posed difficult sampling problems. Rather than a single point source of discharge, effluent is discharged from numerous points along both sides of a long pipe. Each diffuser port, therefore, is a separate discharge site. Away from the diffuser pipe the effect of numerous discharge points is slight, but for samples close to the pipe variability due to sample collection must be considered. Using the submersible Makali'i it was possible to take sediment samples that were precisely positioned relative to the diffuser discharge sites. It was also possible to mark accurately the location for sediment core collection, although the accuracy of the ship-deployed gravity corer was estimated to be only +5 m. The greatest variability in the data collected was with the ATP determinations. This variability, however, appeared to be both intra-and intersample variability. Even in well-mixed single samples the standard deviation was a large percentage of the mean (Table 4) . It was concluded that a rigorous, statistical analysis of these data was impossible under the scope of the present study. The variability was caused in part by the coarse nature and varied grain sizes of the sand and the small subsample size ( 90 and 120 m from the outfall, and the control cores were taken randomly at the control site (C).
except for the ATP extraction procedure. A previous study (2) and preliminary experiments indicated that the use of Triton X-100 increased the extraction efficiency of ATP from these sediments. During the present study it was determined that the use of Triton X-100 resulted in an apparent or real loss of ATP during the extraction procedure, since we concentrated our extracts with activated charcoal. Although this loss can be and was corrected for, the routine use of Triton X-100 for sediment ATP extraction can only be recommended with caution. The uptake of glutamic acid was found to be linear for the first 45 min of uptake (data not shown); thereafter, only a single determination at 45 mmn was used to extrapolate an hourly rate. Sand that was repeatedly washed with filtered bottom water and assayed in filtered seawater showed the same heterotrophic activity as unwashed sand assayed in unfiltered water. Although it appeared from these experiments that the microbial population was firmly attached to the sand grains, biochemical interaction with the pore water cannot be ruled out. Amino acid concentrations in the pore water were below our detection limits for the high-pressure liquid chromatography system used (0. Table 2 .
ited activity approximately 2 orders of magnitude less.
Likewise, the effluent water contained 9.9 ng of ATP ml-' compared with a concentration of 25.1 pg of ATP ml-' in the control seawater. Due to the fact that the sewage is chlorinated as it enters the treatment plants, we measured the chlorine content of the water at the diffuser port and found it to be essentially chlorine free (less than 5 ppb [5 nl/liter]).
Apparently the chlorine addition has no effect on the microbial activity of the effluent. Water collected in situ within 1 m of a diffuser port at the BP outfall contained 0.52 ng of ATP ml-' and exhibited a heterotrophic uptake rate of 0.30 ng of glutamate ml-' h-i; both values more indicative of ambient seawater than of sewage effluent. Apparently, the effluent is effectively and rapidly mixed with a large volume of ambient seawater. In addition to the physical mixing, the rapid change in salinity may also contribute to the decrease in microbial activity. Obviously designed for this purpose, from a physical standpoint, it appears that the diffuser system is working well. On a larger scale, the diluted effluent is further mixed and transported by local currents. Although specific data are lacking, on several occasions the submersible encountered strong currents which we estimated to be in excess of 1 knot. An unexpected discovery was the presence of a welldeveloped microbial slime covering the rocks near the diffuser ports at the SI outfall. The slime was determined to be composed of microbial cells and filaments. Examination of the slime reveals a rather firm mat adhering to the rocks. The surface of the mat is smooth and white; the underside is black. Large quantities of the mat material have the odor of reduced sulfur compounds, and we assumed that the underside portions of the mat are partially or totally anaerobic. Our studies of the mat community in a graded series of salinities indicate that the microbial mat is marine in nature, with optimal growth and metabolic activity at a salinity that is slightly reduced from that of the ambient seawater. Located near a source of fresh water input, the community has physiological characteristics that match its environment perfectly. Unfortunately, time and logistics did not permit a more detailed study of this intriguing microbial community. and the heterotrophic uptake rates must be considered as relative rates only. Increasing the amount of ["4C]glutamate added in these experiments increased the measured rates, indicating that the rates measured were less than the maximum rate (Vmax). Experiments for the determination of the rates of DNA and RNA synthesis were conducted for 2 h, but it was determined that in all cases the [3H]adenine was exhausted between 1 and 2 h. Rate calculations were therefore made within the initial 60 min of incubation.
Although the main purpose of this study was to examine the microbiology of the sediment surrounding the outfalls, we thought that it would also be interesting and useful to make some preliminary measurements of the effluent and ambient seawater. Effluent collected from the treatment plants just before release showed a heterotrophic uptake activity of 7 to 10 ng of glutamate ml-' h-'. Effluent collected in situ from a diffuser port at the SI outfall showed essentially the same activity. The residence time of the effluent in the diffuser pipe varies with the flow rate, but on an average day the residence time is less than 50 min. Apparently this short residence time has little effect on the metabolic activity of the microorganisms in the effluent water. Ambient seawater collected at the control site exhib- (13) is only 350 mg of C m-2 d-1. In addition to the cellular carbon, the mat community may also be producing a large amount of extracellular polysaccharide, as evidenced by the high carbon/ATP (2,480) and high C/N (10.2) ratios of the mat. Overall, the slime-covered rocks at the SI site appear to be analogous to a conventional secondary sewage treatment trickling filter system. To our knowledge, this is the first submarine system described, but in principle the operation should be the same: the microbial populations develop to mineralize the dissolved organic wastes; filamentous organisms and cells that are able to attach to the rocks are favored; and the mat continues to develop until the bacterial population is drastically reduced, first by protozoa and second by the thickness of the film which reduces the oxygen and the available nutrients (16) . Under anaerobic conditions, gas (H2S and possibly methane) and organic acids would be expected to be produced and could cause pieces of the mat to slough off by pushing the slime away from the rock surface or by decreasing the local pH and killing the lower layer of cells (21) . For these reasons, in addition to the hydraulic shear, the mat is detached and floats away. The floating bits of mat which were observed even on the surface can represent the transport of considerable amounts of microbial carbon away from the discharge site. Although large amounts of the mat material were noted at the SI outfall, no mat or slime was observed at the BP outfall during FIG. 6 . Representative data on the time-dependent changes in the specific activity of the ATP pool after the addition of [3H]adenine. The results were analyzed with a computer-assisted, nonlinear least-square fit to the expected experimental relationship described by Karl and Bossard (9) . From this analysis, T (the turnover time of the total adenine nucleotide pool) and Smax (the specific radioactivity at isotopic equilibrium) are derived. Samples: A and B, SI; C and D, BP; E and F, Control. Specific growth rate was extrapolated from adenine nucleotide turnover time by assuming that the adenine nucleotide pool turns over 40 times per generation (9) . this study. The reasons for this are unknown. Essentially the only differences between the two are the ages of the sites (the SI outfall has been in operation for 9 years; the BP outfall has operated for 5 years) and the amounts and types of sewage discharged (SI large volume, primary treatment; BP lower volume, no treatment). In addition, we do not know whether these mats are a transient or permanent feature of ocean outfalls.
The differences between the two outfall sites were also seen in the microbial activity of the sediment. The BP outfall discharges less sewage, but, because it receives no prior treatment, is believed to discharge higher concentrations (and possibly higher amounts) of both dissolved and particulate organic matter. Even when the type and amount of organic matter in the effluent are known, it is difficult to measure how much actually reaches the sediment. The SI sewage is treated before release, removing approximately 70% (2.5 x 104 kg per day) of the suspended sQlids. Indeed, particulates were never observed in the sediment surface or in the water column at the SI site, whereas large amounts of debris were noted at the BP site (see Results). Although the microbial activity in the sediment at the BP outfall was greater than that measured at the SI outfall, the difference was not great, and it was confined to an area immediately surrounding the diffuser pipe.
The vertical profiles of microbial activity throughout the sediment showed slightly greater activity in the surface horizons, but again the effect is limited to the areas closest to the discharge. The reasons for such a limited impact on the microbiology of the area probably include the rapid mixing of the effluent with the ambient seawater, local currents in the area, and, in the case of the SI outfall, the presence of a microbial mat community removing organic material from the effluent before it can reach the sediment. The main effect of the organic discharge on the microbial community seems to be an increase in the microbial carbon production rate. Although the carbon production rates at the outfalls are much higher than at the control site, the specific growth rates as estimated by two independent methods are about equal (Table 5 ). In addition, at the outfall sites the biomass-specific rates of RNA and DNA synthesis and heterotrophic uptake are essentailly the same as, if not slightly lower than, those measured at the control site. This indicates that the growth rates of the populations are not nutrient limited and that the additional nutrient input is translated into a larger standing crop, and production, of biomass. In light of these data, the specific growth rate of the control populations does not seem exceedingly low. The relationship between nutrient levels and growth rate, therefore, must be viewed and interpreted cautiously. This study emphasizes the fact that there is no a priori reason to conclude that a slow growth rate indicates a starving microbial population. Likewise, from the heterotrophic uptake and respiration data, it does not seem that the outfall populations are mineralizing large amounts of carbon without a concomitant production of biomass. The percentage of the substrate respired does not exceed 45%, a value in agreement with other sediment populations that do not receive anthropogenic organic matter input (7, 17, 18) . The pattern of heterotrophic uptake in these sediments generally follows the pattern of DNA and RNA synthesis, but the correlation between them is not good (r2 of 0.53 and 0.56, 
